Introduction
============

Cortical spreading depression (CSD) consists of an electrocorticogram (ECoG) depression, induced by several stimuli, propagating over the surface.[@b1-ndt-12-1705] It can be revoked without inducing tissue damage in a normoxic brain.[@b2-ndt-12-1705],[@b3-ndt-12-1705] However, CSD is linked to changes in cerebral blood flow, increased glucose levels, O~2~ consumption, adenosine triphosphate utilization, and modifications of protein synthesis.[@b4-ndt-12-1705]--[@b9-ndt-12-1705] Several studies suggest that CSD is involved in severe neurological diseases such as stroke,[@b10-ndt-12-1705] migraine aura, and epilepsy.[@b11-ndt-12-1705]--[@b15-ndt-12-1705]

Conversely, a role for CSD in neuroprotection, in particular to subsequent ischemia episodes, was found by Taga et al[@b16-ndt-12-1705] and Matsushima et al.[@b17-ndt-12-1705] However, the neuroprotective action of the CSD is not yet clear. Previous studies have shown that CSD produced epigenetic modifications, causing lysine 4 dimethylation (H3K4) and lysine 9 dimethylation of H3 histone (H3K9).[@b18-ndt-12-1705],[@b19-ndt-12-1705] The epigenetic consequences probably caused alterations in different neuroprotective gene expressions. In fact, CSD increased the expressions of HIF-1, iNOS,[@b20-ndt-12-1705] nNOS,[@b21-ndt-12-1705],[@b22-ndt-12-1705] mitogen-activated protein kinase (MAPK),[@b23-ndt-12-1705] heat shock proteins (hsp27, hsp70),[@b24-ndt-12-1705]--[@b28-ndt-12-1705] and heme oxygenase-1 (HO-1).[@b29-ndt-12-1705]

These genes are also activated during hypoxia/ischemia and play a pivotal role in neuroprotection during ischemia, suggesting their involvement in CSD-induced neuroprotection.[@b30-ndt-12-1705]--[@b34-ndt-12-1705] Recently it was demonstrated that the expression of the UCP-2 and -5 is amplified in human brain ischemic lesions, in vitro, and their expression exerts a long-term effect upon neuron protection[@b35-ndt-12-1705] by reducing the generation of free radicals,[@b36-ndt-12-1705]--[@b38-ndt-12-1705] thus reducing their neurotoxic effect.[@b39-ndt-12-1705],[@b40-ndt-12-1705]

The aim of this work was to evaluate the expression of UCP-5 in the brain cortex, following CSD induction.

Materials and methods
=====================

Animals
-------

Sixteen adult male Sprague Dawley rats (weight 300--350 g) were accommodated in pairs at fixed temperature (22°C±1°C) and moisture (70%), with a 12-hour day/12-hour night cycle. The procedures were in accordance with the Directive of 86/609/EEC. The study was approved by the Human Ethical Review Committee of the Second University of Naples. All protocols respected the Guidelines for Investigation of Experimental CSD in Anesthetized Animals.

Cortical spreading depression
-----------------------------

CSD was obtained as described by Viggiano et al.[@b20-ndt-12-1705] All animals were anesthetized using urethane (1 g/kg body weight, intraperitoneally). The body temperature was maintained at 37°C using a thermostated electric plate and was monitored by a rectal probe. Later, the head was positioned on the stereotaxic instrument, and a hole of 3 mm diameter was drilled on the skull, which was made 5 mm lateral to the median line and 4 mm caudal to Bregma. Dura was removed and CSD was led utilizing a chunk of filter paper impregnated with 1 M KCl for 15 minutes; a filter paper impregnated with 0.9% NaCl was used as a control. The sham waves and ECoG were registered using two Ag/AgCl electrodes (1 mm in diameter): the first electrode was placed on the parietal cortex that was medicated with KCl and the second was placed subcutaneously in the neck skin.[@b41-ndt-12-1705] Electrodes were connected to a DC amplifier (Dynograph; Beckman). All animals were sacrificed after 2 hours, 4 hours, 6 hours, or 24 hours of CSD induction. All the brains were swiftly removed. As previously reported,[@b42-ndt-12-1705] to produce the biochemical and morphological data compatible, just the first adjacent sections at brain samples were withdrawn for subsequent Western blot (WB) analyses. In particular, the anterior part of the cortex was dissected by means of a coronal cut anterior to the optical chiasm and frozen in liquid-nitrogen-cooled isopentane for WB analyses. The remainder of the brain was put into 4% formaldehyde for 24 hours, followed by incubation in 30% sucrose for 3 days, and finally frozen at --80°C. The first sections of the exposed part of the brain were cut for WB analyses.

Western blot
------------

The prefrontal cortex from both hemispheres were homogenized using a tight pestle with 7 volumes of lysis buffer (10 mM HEPES pH 7.9, 1.5 mM MgCl~2~, 10 mM KCl, 12% glycerol, 0.1 mM EGTA, 0.5 mM DTT, and 0.5 mM spermidine) with the addition of a protease inhibitor cocktail (Sigma-Aldrich Co., St Louis, MO, USA). Following centrifugation at 800 *g* for 15 minutes, the supernatant was recovered and centrifuged at 100,000× *g* for 15 minutes at 4°C to obtain the cytosolic extracts. The pellet containing mitochondrial proteins was sonicated in a buffer with 1% NP40, 0.1% SDS, 100 µM sodium vanadate, and 0.5% sodium deoxycholate with addition of a protease inhibitor cocktail (Sigma-Aldrich), and centrifuged for 20 minutes at 15,000× *g* (4°C). The supernatant containing the mitochondrial proteins was recovered and the amount of proteins was determined by the Bio-Rad protein assay (Bio-Rad Laboratories Inc., Hercules, CA, USA). One volume of the loading buffer (β-mercaptoethanol 8.7%, SDS 52.17%, Tris--HCl 0.2 M, bromophenol blue 0.026%, glycerol 17.4%) was added to each sample and denatured at 100°C for 5 minutes. Proteins were divided by 12% SDS-PAGE in Tris buffer. Thereafter, the proteins were shifted to nitrocellulose membranes for electrophoresis in a Tris--glycine buffer for 2 hours at 80 V. Membranes were incubated with an anti-UCP-5 rabbit polyclonal antibody (1:500 dilution; Alpha Diagnostic International, San Antonio, TX, USA) overnight at 4°C, and then incubated with a secondary anti-rabbit-IgG (1:2,500 dilution; Promega Corporation, Fitchburg, WI, USA) for 1 hour at room temperature. Equal loading of samples was checked by Coomassie Blue R-250 (Bio-Rad Laboratories Inc.) staining by cutting the blot into two parts: one was used for the anti-UCP-5 antibody and the other was used for Comassie Blue staining. Signals were revealed by an ECL (enhanced chemiluminescence) system (Pierce, Rockford, IL, USA).

Immunohistochemistry
--------------------

Brain slices (20 µm) were washed three times for 5 minutes in PBS 0.1 M, pH 7.4, and incubated with 0.6% H~2~O~2~ in 50% methanol/PBS for 10 minutes to block endogenous peroxidase. Then, they were washed three times for 5 minutes in PBS, and incubated overnight with an anti-UCP-5 rabbit polyclonal antibody (Upstate Biotechnology Lake Placid, NY, USA) diluted 1:100 in PBS +10% bovine serum (NBS) at 4°C in a humidified box. After second round of rinsing in 0.1 M PBS, slices were incubated with biotinylated anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA) diluted 1:100 for 1 hour at room temperature, followed by the incubation with the ABC solution (Vector Laboratories) for 45 minutes, as per the manufacturer's instruction. For signal detection, the slices were rinsed three times for 5 minutes and incubated with a freshly made chromogen/substrate reagent (0.1% DAB/0.1% H~2~O~2~) for 10 minutes at room temperature in the dark. Finally, the staining was blocked by the addition of cold PBS, followed by dehydration in alcohol and clearing up in xylene. The slices were then mounted on coverslips with Eukitt mounting medium (Sigma-Aldrich). In control experiments, the slices were incubated in the absence of the primary antibody (mock). Brain slices were analyzed at 10× magnification under a light microscope (Leica CTR500; Leica Microsystems, Wetzlar, Germany), and images were captured by a high-resolution digital camera (Leica 300F).

Statistical analysis
--------------------

Statistical analyses were done by SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA). The results were presented as mean ± SEM. A two-factor analysis of variance was performed to estimate the difference among the ipsilateral and contralateral cortex at different time periods after CSD induction. Multiple comparisons were done with Fisher's least significant difference (LSD) post hoc test. *P*\<0.05 was deemed significant.

Results
=======

[Figure 1](#f1-ndt-12-1705){ref-type="fig"} shows the increase of UCP-5 after CSD induction in the ipsilateral cortex at 24 hours, compared with the contralateral cortex (NaCl-treated) considered as mock control. The antibody against UCP-5 presented a major band of 36 kDa. Analysis of variance for UCP-5 protein concentrations (treated vs mock) as a function of time (2 hours, 4 hours, 6 hours, and 24 hours) demonstrated a significant effect of time \[*F*(3, 16) =3.571, *P*\<0.05\]. Fisher's LSD post hoc test showed a significant difference for UCP-5 at 24 hours after CSD in the processed cortex, when compared with mock. No differences in the intensities of the UCP-5 signal were found between the CSD-treated and untreated hemispheres at 2 hours, 4 hours, or 6 hours.

Immunohistochemistry was performed to depict the localization of UCP-5 in the cerebral cortex. Morphological data were taken in sections near the marked area for WB sampling, which included analogous cortical regions, especially the motor cortex, prefrontal, and the somatosensory cortex. Densitometric analyses of images at low magnification revealed an increase in UCP-5 signal in the CSD-treated cortex when compared to the contralateral cortex at 24 hours ([Figure 2](#f2-ndt-12-1705){ref-type="fig"}). Moreover, the signal intensity was higher in all cortical strata. No immunostaining was seen in these areas in the mock samples (data not shown).

Discussion
==========

This study shows that CSD increased UCP-5 after 24 hours, suggesting a potential relationship between CSD and neuroprotection at this time. This result is in accordance with previous research showing that CSD increases the ischemic tolerance to temporary focal ischemia long after CSD.[@b43-ndt-12-1705]--[@b47-ndt-12-1705]

Since CSD has no consequence on cerebral blood flow during the following ischemia, its neuroprotective action might depend on intracellular protective factors against ischemic injuries.[@b43-ndt-12-1705] The mechanisms associated with neuroprotection induced by CSD are not yet clear, though CSD affects the expression of several potentially neuroprotective genes. Moreover, previous studies have reported a dynamic spatiotemporal pattern for gene induction, which may delay the damage to the tissues or, alternatively, mediate neuroprotection, tissue remodeling, and functional compensation.[@b48-ndt-12-1705]

Gene expression changed as early as in the first 4 hours after CSD induction.[@b20-ndt-12-1705] In particular, previous studies have demonstrated an increase of iNOS and HIF-1 expression at 1 hour and the modification of AMPK and nNOS expression after 24 hours.[@b42-ndt-12-1705] Therefore, it can be argued that CSD induced neuroprotection through a chain reaction and/or a prolonged effect of early genes.

Some genes regulated by CSD are also involved in oxidative stress. In particular, CSD decreases superoxide ion (O~2~^−^) expression and increases hydrogen peroxide (H~2~O~2~) and superoxide dismutatase gene expression after 1 hour, thus suggesting an increase in O~2~^−^ to H~2~O~2~ dismutation.[@b49-ndt-12-1705] Expression of UCP-5 is augmented in human brain ischemic lesions in vitro, and its expression has a long-term effect on neuroprotection,[@b35-ndt-12-1705],[@b38-ndt-12-1705] because it decreases the mitochondrial membrane potential and in turn reduces reactive oxygen species production.[@b35-ndt-12-1705] The decrease in O~2~^−^ can be determined by the increased activity of both superoxide dismutatase and UCP-5.

There have been several studies on the cortical electroencephalogram in stroked animals subjected to neuroprotective hypothermia. Hypothermia has pleiotropic effects on brain physiology, which may be necessary for the effective protection of the brain after a stroke. The beneficial effects of hypothermia have been attributed to diminished excitotoxicty, neuroinflammation, apoptosis, free-radical production, seizure activity, blood--brain barrier disruption, blood vessel leakage, and/or cerebral thermopooling.[@b50-ndt-12-1705]

These represent potential mechanisms by which CSD may induce neuroprotection, because they lead to a decrease in radical oxygen production that is usually involved in tissue damage.[@b39-ndt-12-1705],[@b40-ndt-12-1705]

Conclusion
==========

We suggest a role of UCP5 in the neuroprotection induced by CSD. However, other studies a long time after CSD induction are necessary to confirm this data and to study the potential role of the other UCPs, such as UCP-2 and UCP-4.
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![CSD increases UCP-5 expression at 24 hours.\
**Notes:** (**A**) Representative Western blot analysis of UCP-5. Coomassie Blue stain of total protein in loading control. Proteins were extracted from the cortex of both hemispheres at 2 hours, 4 hours, 6 hours, or 24 hours after CSD. (**B**) Densitometric analysis of UCP-5 in the CSD-treated cortex expressed as a fold rise versus control (untreated cortex). Data are mean ± SEM (*P*\<0.05). \**P*\<0.05 compared to the control.\
**Abbreviations:** CSD, cortical spreading depression; Ctr, control; SEM, standard error of the mean; h, hours.](ndt-12-1705Fig1){#f1-ndt-12-1705}

![Pseudocolor image of immunohistochemical demonstration of UCP5 expression in the rat cerebral cortex at 24 hours after NaCl application (**A**) control and (**B**) after CSD induction with KCl.\
**Notes:** The signal was higher in the treated cortex compared to the control. Pseudocolor scale: green, high signal; blue, low signal. Magnification ×10 on the right, which are magnified areas represented by the square in the left figures, with ×40 on the left. Bar =0.1 mm.\
**Abbreviation:** CSD, cortical spreading depression.](ndt-12-1705Fig2){#f2-ndt-12-1705}
